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ABSTRACT 


A study was made of an advanced technology airplane using super- 
critical aerodynamics. Cruise Mach number was 0. 98 at 40 000 feet 
altitude with a payload of 60 000 pounds and a range of 3000 nautical 
miles. Separate-flow turbofans were examined parametrically to de- 
termine the effect of sea- level- static design turbine- inlet- temperature 
(T^_ s j g ) and noise on takeoff gross weight (TOGW) assuming full- film 
turbine cooling. The optimum T^ j g was 2650° F. Two- stage- fan 
engines, with cruise fan pressure ratio (FPR ) of 2.25, achieved a 

vi 

noise goal of 103. 5 EPNdB with todays noise technology while one- stage- 
fan engines, FPR cr of 1.90, achieved a noise goal of 98 EPNdB. The 
TOGW penalty to use the one- stage fan was 6. 2 percent. 
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OPTIMIZATION OF ENGINES FOR A COMMERCIAL MACH 0. 98 
TRANSPORT USING ADVANCED TURBINE COOLING METHODS 
by Gerald A. Kraft, and John B. Whitlow, Jr. 

Lewis Research Center 

SUMMARY 


A parametric study was made of a group of separate- flow- turbofan 
engines for use in advanced technology airplanes designed for a cruise 
speed of Mach 0. 98 of 40 000 feet. The three- engined airplanes were 
sized to carry 300 passengers 3000 nautical miles. Cruise lift-drag 
ratios compatible with the supercritical wing were assumed. Fan and 
compressor pressure ratio, bypass ratio, and sea- level- static turbine- 
rotor-inlet- temperature (T 4 _ g ^ g ) were variables in the engine studied. 
T 4-sls was varied from 2300° to 3000° F. The cruise T^ was always 
100° F less than the T^_ glg . Full coverage film cooling was used in 
the turbine. Engine weight varied with all major engine cycle param- 
eters. Takeoff and climb constraints were observed. Combined jet 
and machinery noise levels (EPNdB) were calculated for selected en- 
gines at both the sideline (lift-off) and approach measuring stations 
specified in FAR Part 36. 

It was found that a noise goal of 101 EPNdB (FAR-36 minus 5 EPNdB) 
could be met with two- stage fan engines having a cruise fan pressure 
ratio of 2.25. About 18 PNdB of fan machinery noise suppression was 
needed to achieve this goal. The minimum takeoff gross weight (TOGW) 
and direct operating cost (DOC) occurred at a T 4 _ g ^ g of 2650° F. With 
20 PNdB of fan machinery noise suppression, one- stage fan engines hav- 
ing a cruise fan pressure ratioof 1. 90 could meet a noise goal of 91 EPNdB 
(FAR-36 minus 15 EPNdB). At this fan pressure ratio, the minimum 
TOGW and DOC occurred at a T 4 _ glg of 2650° F. Both the TOGW and 
the DOC increased about 8 percent for the best one- stage fan at the noise 
goal of 91 EPNdB compared to the best two- stage fan at a noise goal of 
101 EPNdB. 
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INTRODUCTION 


The supercritical wing proposed by Whitcomb (ref. 1) offers the 
potential for delaying the transonic drag rise experienced by present 
day subsonic jet transports as their flight speed approaches Mach 1. 0. 
Transports using this wing could cruise at the same speed as today’s 
transports with less drag or they could cruise at somewhat higher 
speeds with little or no penalty in lift- drag ratio (L/D). 

Previous studies (refs. 2 and 3) have been made to define the opti- 
mum engine design parameters for a Mach 0. 98 advanced technology 
transport. In reference 2 T^ was allowed to vary assuming convection 
cooling for the turbine. In reference 3, very low noise goals were as- 
sumed to determine the need and direction for advanced noise suppres- 
sion research. In referenced, cruise Mach numbers from 0. 90 to 0. 98 
were studied at one T^_ slg . The purpose of this study was to investi- 
gate the effect of high T^ on the advanced technology transport with an 
advanced turbine cooling scheme (full- coverage film). Unlike refer- 
ence 2, 3, or 4, the turbine cooling airflow was calculated in this study 
for each stator and rotor. The number of low pressure turbine stages 
was estimated for each engine so that consistant turbine cooling calcu- 
lations could be made. The effects of varying T^ are weighed in terms 
of TOGW and DOC at several noise goals as low as 91 EPNdB. The 
DOC was calculated by the ATA method of reference 5. The effect of 
advanced noise suppression techniques and reductions in machinery 
source noise are evaluated. 

The range was fixed at 3000 nautical miles and the payload was held 
at 60 000 pounds (300 passengers). As engine design varied, the changes 
in engine weight, drag, and fuel requirements caused TOGW to vary. 

The T^ at cruise was varied for each takeoff T^ so as to minimize 
the TOGW. However cruise T^ was never allowed to exceed takeoff 
T^ minus 100° F. This restraint assured an adequate thrust margin 
for acceleration and climb up to cruise. 

Climb and letdown fuel weights were considered to be a linear func- 
tion of TOGW. A nominal value of cruise L/D was assumed as in ref- 
erences 2 and 3. As engine pod size changed from the reference size, 


3 


airplane cruise L/D was adjusted. It was assumed that wave drag 
changes could be largely eliminated by re- area- ruling the airplane as 
engine pods changed size. 

As in reference 4, a component- matching computer program was 
used to correlate cruise, takeoff and approach engine parameters such 
as FPR, OPR, BPR, and W„. The jet noise was calculated by the SAE 

a 

standard method of references 7 and 8 (assuming two separate streams). 
The machinery noise was considered to be a function of FPR, the num- 
ber of fan stages, distance and thrust. The two- stage fan was consid- 
ered to be 6 PNdB louder than the one- stage fan at any given FPR. 

This is in contrast to references 2 to 4 where it was considered to be 
8 PNdB louder. Jet and machinery noise were added to get the total 
noise at any point. 


SYMBOLS 

BPR bypass ratio 

Bleed total cooling bleed for turbines, fraction of compressor exit air 

C en g cost of each engine, dollars 

Cj^ lift coefficient 

C c speed of sound (n mi/hr) knots 

D drag, lb 

FA fuel to air ratio 

FN net thrust, lb 

FPR fan pressure ratio 

AH AB change in enthalpy between station A and B, Btu/lb 

L lift, lb 

M Mach number 

OEW operating empty weight, lb 

OPR overall fan and compressor pressure ratio 



p 

R 

S wing 

SPL 

sfc 

T 

T . 
ci 

T . 
gi 

TOGW 

V fan- tip 
W_ 


W ( 

W 

I 

W ( 

w, 


end- cr 


eng 

start- cr 


5 

6 
9 

Subscripts: 

cr 

m 

sis 


1 

2 

3 

4 


total pressure, lb/ft 
range, n mi 

2 

wing planform reference area, ft 
sound pressure level, dB 

specific fuel consumption (lb fuel/hr)/lb thrust 

total temperature , °F 

initial cooling air total temperature, °F 

initial gas total temperature, °F 

takeoff gross weight, lb 

sea- level- static fan tip speed, ft/sec 

total airflow per engine, lb/sec 

coolant flow, lb/sec 

airplane gross weight at the end of cruise, lb 
installed weight of three engines, lb 
airplane gross weight at start of cruise, lb 
pressure parameter, P/2116 
temperature parameter, (T + 460)/519 
turbine cooling parameter, (TV - T m )/(TV - T 


cruise 

bulk metal temperature of blade, °R 

sea- level- static 

fan face station 

fan discharge station 

inner compressor discharge station 

turbine- rotor- inlet station 
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5 high pressure turbine exit station 

6 low pressure turbine exit station 


METHOD OF ANALYSIS 


Selection of Reference TOGW and Airframe Weight 


As in references 2 to 4, it was desired to select a reference air- 
frame with which to match the various parametric engines. Range was 
initially calculated by the following equation. 


R = 350 + 


(L/D) cr M cr 



sfc 


In 


W 

start- cr 
W 

end- cr 


The 350 term represents the climb range, 200 n mi, plus the letdown 
range, 150 n mi. The other terms on the right side of the equation rep- 
resent the range for a Breguet cruise-. 

After an iteration described in references 2 to 4, the reference 
TOGW was selected as 386 000 pounds for a range of 3000 n mi. The 
reference airframe weight excluding engine was 180 000 pounds. After 
establishing the reference airplane, the range was fixed at 3000 n mi 
and the figure of merit in this report became TOGW. According to data 
from reference 6, airframe weight will remain nearly a constant frac- 
tion of TOGW over a considerable range of TOGW when the size of large 
transports is scaled up or down. However, if the fuselage is held con- 
stant (as it was in this study) the fraction will change slightly as shown 
in figure 1. The reason the fuselage was fixed was because the payload 
was fixed at 60 000 pounds (300 passengers at 200 pounds each). M cr 
was selected as 0.98 and cruise was always started at 40 000 feet. 
Cruise L/D will be discussed later. Fuel for climb and letdown was 
calculated by the following equations . 

Fuel climb = _ IP , GW x 20 000 pounds 
386 000 
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Fuel letdown = x 2000 pounds 

386 000 

The 386 000 pounds is the TOGW of the reference airplane and the 
20 000 and 2000 pounds are the fuel assumed for climb and letdown of 
the reference airplane. The reserve fuel was always assumed to be 
18 percent of the total fuel load. 

A sketch of the study airplane is shown in figure 2. In the sketch, 
the engines are installed in the rear of the airplane. Other options such 
as having one in the tail and one under each wing may offer certain ad- 
vantages. However, their location would have no impact on the way this 
study was done or its results. A sketch of a typical high BPR, separate- 
flow turbofan engine is shown in figure 3 . Note the acoustic lining in the 
inlet and duct walls for the reduction of fan machinery noise. In addi- 
tion, inlet and duct splitter rings are shown with sound deadening mater- 
ial. Different amounts of treatment are required to achieve different 
amounts of suppression. The weight and amount of these materials 
needed will be discussed later . 

Lift- Drag Ratio 

The L/D used for the reference airplane in this study was 16. 8. 
This value was obtained through consideration of present day transports 
and test data for advanced transports as discussed in reference 4. This 
value of L/D includes the drag of three, 80- inch- diameter nacelles. 

The drag of one of the 80- inch engine nacelles is shown as a circled ref- 
erence point on figure 4. The L/D ratio was adjusted by means of the 
curve shown in this figure as the engine nacelle diameter varied from 
80 inches. The nacelle drag curve of figure 4 agrees with those in use 
by the engine and airframe manufacturers. By far the greatest part of 
this nacelle drag is due to friction. It is assumed that when nacelle 
size is changed, changes in wave drag can be area- ruled out by recon- 
figuring the fuselage as necessary. If the reference L/D was some- 
what lower than 16. 8 ; , the airplane TOGW would be greater. However, 
L/D would have to be reduced by a large amount to have any effect on 
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the optimum cycle except for design W_ . 

a. 

The only aerodynamic data available at the time of this study was 
the cruise L/D value discussed and an estimate of the approach L/D. 
The lack of climb aerodynamics is probably not too important to the cal- 
culations since only a small part of the mission was conducted at other 
than cruise conditions. The approach L/D was estimated to be about 
5. 5 at an approach speed of 135 knots. This value was needed to deter- 
mine the approach thrust to be used in the noise calculations. 

Engines 

Cycle calculations were made for two- spool separate- flow turbofan 
engines in this study. Only two cruise fan pressure ratios were consid- 
ered, 1. 90 and 2.25. The FPR of 1. 90 was chosen because it is approx- 
imately the maximum currently achievable with a single-stage fan with 
conventional blade loading. Single-stage fans are desirable because 
they are thought to produce less machinery noise with present technology 
than a two- stage fan at the same FPR (ref. 9). However, higher FPR’s 
are desirable because they improve performance (refs. 2 and 3). Cruise 
FPR's higher than 2.25 were not considered because data presented in 
reference 3 indicated that more than 20 PNdB of fan machinery noise 
suppression may be needed to meet a 106 PNdB noise goal. As discussed 
in references 4 and 17, 15 PNdB suppression may be possible today and 
20 PNdB of suppression may be available in a few years. 

Cruise bypass ratios from 0. 5 to 12 and overall pressure ratios 
from 20 to 52 were considered. The sea- level- static T^ was varied 
from 2300° to 3000° F. The engines were sized such that the cruise 
T^ was never higher than the takeoff T^ minus 100° F. This 100° F 
insured reasonable thrust margin during climb and reasonable time up 
to cruise. The actual cruise T^ could be determined only after several 
values of cruise T^ had been tried to determine which one gave the 
minimum TOGW. In the case of this report, the optimum T^_ cr was 
always 100° F less than 
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In contrast to references 2, 3, or 4, no turbine cooling schedule 
was assumed in this report. Instead, an advanced cooling scheme - 
full coverage film - was assumed and the cooling for each stator and 
rotor was calculated at takeoff levels of T^. In order to do this, the 
number of stages in the turbine had to be established. It was assumed 
that the high-pressure turbine consisted of one stator and one rotor. 

The cooling for the first stator was not calculated since our cycle cal- 
culations deal with T^, the rotor- inlet temperature. Any stator cool- 
ing airflow is included in the combustor airflow and will not be included 
in any cooling bleed discussions or numbers from here on. It re-enters 
the main stream through the first stator and is mixed before station 4, 
the number of low-pressure turbine stages can be as few as one at low 
BPR’s or as great as 10 or more at high BPR’s. The following equation 
was derived to calculate the number of low-pressure turbine stages nec- 
essary for any engine 


Number of stages = 9660 


(1 + BPR)(P 6 /Pj)(AH 6>5 ) 


1 + FA 4 (1 - Bleed) 


(V 2 ) 


fan- tip 




Several assumptions are necessary before this equation can be derived. 
One of these is a schedule of corrected fan- tip speed versus FPR. The 
schedule used is shown in figure 5 for one-stage fans. For two-stage 
fans, the same curve was used but the square root of FPR was used to 
obtain V^ an _ ^ . The curve is a linear approximation tangent to the 
curve in reference 10 for a fan blade loading of 0.3 at a V f an _tip 
1900 ft/sec. (A complete explanation of the turbine cooling calculations, 
numbers of low pressure turbine stages calculations, and the assump- 
tions are given in appendix A. ) 

This procedure for turbine design obviously is not exact, but it gave 
good results when tested against more elaborate ways of estimating the 
number of stages. 

Knowing the number of stages and the delta H and delta T across 
each stage, the cooling bleed could be calculated for each stage. This 
was done with the aid of figure 6 which was obtained from reference 11. 
Figure 6 is based on laboratory tests of full- coverage film cooled vanes 
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tested in Allison’s high temperature cascade rig. The blades were of 
advanced design using advanced fabrication techniques. <p was calcu- 
lated for each stage as shown in appendix A. The bulk metal tempera- 
ture of the blade (T ) was fixed at 2110° R for the rotors and 2460° R 
for the stators. The initial total temperature of the cooling flow (T .) 

LX 

was set as the compressor exit temperature since the cooling bleed 
flow came from there. The actual gas total temperature initially pass- 
ing the blade, T^, was obtained from cycle calculations. All of the 
bleeds were multiplied by a factor of 1. 333 to account for wall and 
shroud cooling. The individual bleeds were added to give the total cool- 
ing bleed. If this was different than the assumed value of bleed, the 
new value was used and the cycle calculation was repeated as necessary. 
Thus, a consistant trend of cooling requirements at both high and low 
T^'s was obtained. 

All the engines in this study were designed at cruise and operated 
off- design at takeoff. The correction factors that are applied to the de- 
sign engine parameters to obtain their sea- level- static values were ob- 
tained by using a component- matching computer program (refs. 12 and 
13). This program uses the actual component maps in the matching pro- 
cedure. The correction factors (i.e., the sea- level- static value divided 
by the cruise value of the parameter) were plotted against BPR . The 

V X 

factors plotted were corrected airflow at the fan face, fan pressure ratio, 
compressor pressure ratio, and bypass ratio. These factors were found 
to be relatively insensitive to overall pressure ratio within the limits 
listed except near the maximum BPR at which the engine would run. 

The correction factors that were used for a cruise FPR of 1. 9 are shown 
in figure 7(a) to (d). A separate curve was plotted for each T^_ glg . 
Similar curves are shown in figure 8(a) to (d) for a cruise FPR of 2.25. 
During component- matching “procedures~at off- design, nozzle exhaust 
areas were maintained at their cruise values. 

During approach the component- matching program was again used 
to find the part- power operating conditions needed. The approach condi- 
tions were assumed to be 370 feet altitude and 135 knots (Mach 0.203). 
The aircraft was assumed to have a 10° angle of attack, 3° glide slope, 
and an L/D of 5.5. Under these conditions the thrust was generally 
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about one- third of maximum. 

At each cruise design point, the component efficiencies, pressure 
losses, coefficients, etc. were as follows: 


Fan adiabatic efficiency . 0. 86 

Compressor adiabatic efficiency 0. 86 

Combustor adiabatic efficiency . . . . ' 0.99 

Inner turbine adiabatic efficiency 0. 89 

Outer turbine adiabatic efficiency 0. 88 

Inlet pressure recovery . 0.98 

Pressure ratio across combustor 0. 96 

Total duct pressure ratio from fan discharge to nozzle 0.94 

Total core pressure ratio fr,om low pressure turbine 

discharge to nozzle 0.98 

Exhaust nozzle thrust coefficient (both streams) 0. 98 


Installed engine weight and dimensions were allowed to vary with 
changes in engine sea- level- static parameters as described by refer- 
ence 14. This correlation includes the effect of year of first flight. 

The year was chosen as 1973 in this study. This yields bare engine 
thrust to weight ratios just slightly better than with current engines of 
a similar type. This, combined with some lower efficiencies in the fan 
and compressor, made the engines of this study slightly heavier than 
those of reference 4. Thus the usual effect of having high T^_ cr 
lighten the engines should be more pronounced than if the engines were 
considered to be of advanced light-weight construction. 

In addition to the bare engine weight, each engine was assumed to 
have an installation weight of 3. 13 times the corrected total airflow at 
takeoff. This included such items as inlet, nacelle, and nozzle. This 
installation weight is based on empirical data for existing high-BPR 
engines used in large commercial transports. The weight due to sup- 
pression of fan noise will be discussed later. 
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Noise Calculations and Constraints 

Noise calculations were made for two measuring points, both of 
which are specified in Federal Air Regulation Part 36. They were: 

(1) Sideline noise measured on the ground at an angle of maximum 
noise immediately after lift-off on a 0. 2 5- nautical- mile (1520 feet) 
sideline for three-engine airplanes (0.35-n mi sideline for four-engine 
airplanes). The point of maximum noise would be after the aircraft 
had reached an altitude where ground attenuation was zero and fuselage 
engine masking was diminished. 

(2) Approach noise, when the airplane is one nautical-mile from 
the runway threshold, measured on the ground directly under the glide 
path at the angle of maximum noise. The airplanes of this study were 
assumed to be at an altitude of 370 feet at this measuring station. 

For the airplanes with TOGW’s of interest, FAR Part 36 specifies 
a noise limit of 106 EPNdB for both of the above points. A third meas- 
urement specified by this regulation should be made at a point 3.5 nau- 
tical miles from the start of takeoff roll on the extended runway center- 
line. This noise measurement was ignored in this study because it is 
felt that little difficulty will be involved in meeting this goal. The rea- 
sons for this optimism are explained in detail in appendix B. 

Total perceived noise has two components, jet noise from two jet 
streams and fan turbomachinery noise. The jet noise was calculated 
by the standard methods described by the Society of Automotive En- 
gineers in references 7 and 8. Fan turbomachinery noise was consid- 
ered to be a function of FPR and number of stages as shown in refer- 
ence 9. However, in this report the noise of a two- stage fan was con- 
sidered to be only 6 PNdB greater than that of a one- stage fan at any 
FPR. This is in contrast to references 2, 3, 4, and- 9 when the differ- 
ence was considered to be 8 PNdB. This neglects the possible multiple 
pure tones effect of the high speed one- stage fan. A spectral distribu- 
tion for fan machinery noise was assumed based on reference 15. The 
total perceived noise was obtained by adding the machinery noise and jet 
noise by octaves as described in reference 7 for the addition of two jet 
streams noise sources. The basic noise calculation in this report were 
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made in terms of PNdB. However, the results are given in terms of 
EPNdB. This conversion was accomplished by subtracting 5 PNdB 
from the approach noise and nothing from the takeoff sideline noise. 

This method is approximate and is dependent on the time history of 
the noise and its pure tones. The time history and pure tones of all the 
engines were assumed to be the same since the takeoff and approach 
velocities and altitudes were specified. This result agrees with the 
methods used by industry in a preliminary study like this. 

In this study, attention was concentrated on designing cycles that 
would minimize the TOGW penalties for a given noise goal. Up to 
20 PNdB of fan machinery noise suppression was assumed where nec- 
essary. It was assumed that no performance losses occurred as a 
result of adding suppression materials to the inlet and ducts. The 
weight of acoustic treatment was accounted for, however, by adding 
weight to the engines according to a schedule which related weight 
penalty to amount of suppression. 

A more detailed description of the noise, suppression, losses, 
and weight calculations and assumptions is included in appendix B of 
this report. 

Cycle Optimization with Noise and Thrust Constraints 

At each FPR and T^ j considered, the effects of BPR and OPR 
on TOGW were calculated. "Thumbprint” plots were then drawn dis- 
playing contours of constant TOGW as functions of BPR and OPR. Side- 
line jet noise and thrust constraints were laid over this thumbprint and 
a group of good engines meeting thrust constraints were picked off. The 
complete noise characteristics of these engines were determined and a 
system of plotting was devised so that the best of these engines could be 
determined for any noise goal assumed. A description of the method is 
included in appendix C. 
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Cost Estimation 

Direct operating cost was computed for the selected engines using 
the standard ATA formula (ref. 5). It was felt that DOC probably serves 
as a better comparative index than does TOGW. Uncertainties in air- 
plane pricing at this preliminary stage of development make the computa- 
tional accuracy of DOC in terms of absolute numbers somewhat doubtful. 
However, the relative merits of the airplanes studied can be compared 
on a DOC basis. In this study, airframes were assumed to cost $72 per 
pound (based on data from ref. 5 for current airplanes). Acoustic sup- 
pression for turbomachinery noise was also assumed to cost $72 per 
pound. Engine price was assumed to be a function of sea- level- static 
corrected airflow and was computed as follows, 



This cost is based on empirical data adjusted to reflect the typical cost 
of a high-BPR turbofan such as those used to power the new wide- body 
trijets. In all the DOC calculations, the domestic economic ground rules 
of reference 5 were used. 

RESULTS AND DISCUSSION 
Cycle Optimization with Fixed Range and Payload 

’Thumbprint* * performance plots . - Thumbprint plots, such as 
shown in figures 9(a) to (c), represent the performance of as many as 
one hundred or more different engines. Looking at figure 9(a), for ex- 
ample, T^_ cr was fixed at 2200° F, T^_ g ^ g was fixed at 2300° F, 

FPR cr was set at 1. 90, but OPR cr was varied from 20 to 44 and 
BPR was varied from 1 to 8. Each combination of these engine pa- 
rameters represents a point on the plot. Using the techniques described 
in appendix B of this report, contours of constant TOGW were drawn as 
well as lines of constant sideline jet noise and constant (F^/TOGW)^. 
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For these T^’s and a FPR of 1. 90 the lowest TOGW that can be at- 
tained is 338 845 pounds at the center point. It can be seen that the en- 
gine at this point would have a BPR of 3.2, an OPR of 33 and a side- 
line jet noise of about 113 PNdB. This point would not be acceptable 
from the standpoint of noise since FAR Part- 36 specifies that the noise 
be a maximum of 106 EPNdB. However, this point is above the line of 
(F^/TOGW) sls = 0. 24 which means that it will probably be acceptable 
from the standpoint of takeoff thrust. 

The engines represented by points above the center point all exceed 
the (F-j^/TOGW) s ^ g minimum of 0. 24. Also, the trend for sideline jet 
noise to be reduced as the BPR cr is increased is obvious. However, 
as the contours of constant TOGW indicate, any move away from the 
center point causes some penalty in TOGW. For example, an engine hav- 
ing a BPR cr of 5. 0 and a OPR cr of 30 would have a sideline jet noise 
of only 96 PNdB but the TOGW would be increased to about 343 000 pounds. 
In this study, these thumbprint plots were used to find promising engines 
to be examined in more detail. This procedure of selecting good engines 
from a thumbprint plot is described in appendix B. 

At a FPR of 1. 90, three thumbprint plots were used. One was 

f LX 

needed for each of the three T^_ g ^ g studied (i.e. , 2300°, 2650°, and 
3000° F). These are the figures 9(a) to (c). Examining the three thumb- 
prints in order of increasing T^_ g ^ g , several things became apparent. 

The most obvious is that a T^_ j s of 2650° F (fig. 9(b)) yields the low- 
est TOGW. A second factor is that as T^_ glg is increased, the best 
engine cycle (represented by the center circle) creates less sideline jet 
noise. Another factor is the very noticeable trend for the best engine to 
have an increasing BPR cr and OPR cr as T^_ j g is increased. A 
final observation is that it becomes increasingly easier to meet a 
(F-j^/TOGWjg^g = 0.24 limit as T^_ g ^ g is increased. The other symbols 
will be explained and used in appendix C. 

Figures 10(a) to (c) are for engines with the same T^_ g ^ g values as 
in figure 9(a) to (c). However, a FPR cr of 2.25 (two-stage fan) has been 
used in figure 10. The same trends that were shown for a FPR of 1. 9 

V/i 

(fig. 9(a) to (c)) are again obvious at an FPR of 2.25. However, a com- 
parison between figures 9 and 10 at any T^ shows that the engines 
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with the FPR cr of 2.25 have lower TOGW for the best engine and 
lower sideline jet noise. Also obvious is the fact that in figure 10, the 
best engines are closer to the 0.24 thrust- to- weight minimum than the 
best engines in figure 9. These are the same trends shown in refer- 
ences 2 to 4. 

Comparison in terms of TOGW . - After a complete cycle optimiza- 
tion and noise evaluation was performed, as described in appendix B, 
the trends in TOGW versus changing T^_ s ^ g were plotted in figure 11. 
The TOGW's shown in figure 11 represent the best TOGW that can be 
achieved for several noise goals and for two cruise FPR’s. Disregard- 
ing noise the best engine of those studied would have an FPR of 

o 

2.25 and a T^_. j g of 2650 F. This is the point used as a reference 
point in this report. It corresponds to a TOGW of 338 171 pounds. 

According to figure 11, TOGW increases about 1. 0 percent at 
2300° and 3000° F, for engines with a FPR of 2. 25 and no noise 

Cl 

goal, compared to the reference case. If a noise goal of 106 EPNdB 
is desired, an additional one percent penalty is added at all T^_ gls 's 
considered. If the noise goal is 101 EPNdB, still another half percent 
TOGW penalty is added at all T 4 _ s i s ,|S " The minimum TOGW at all 
these noise goals seem to be around a T^_ glg of 2650° F. At this 
temperature, the penalty in TOGW is only 1. 5 percent to meet a noise 
goal of 101 EPNdB (FAR 36 minus 5 EPNdB). Lower noise goals will 
be discussed later. 

As was mentioned earlier, if the FPR is reduced to 1.90, there 

cr 5 6 7 


cr 


is a penalty in TOGW compared to the reference engine with a FPR 
of 2.25. This can be seen in figure 11 also. With no noise goal, the 
best cycle using a FPR cr of 1.90 still has a TOGW penalty of about 


5. 8 percent at a T^ ^ of 2650° F compared to the reference case. 
At a T^_ slg of 2300° F the penalty is 6 percent and at 3000° F it is 

6. 8 percent. Looking at all the curves for an FPR of 1.9, it would 

LI 

seem that the minimum TOGW occurs at about a T^_ g ^ g of 2650° F 
regardless of the noise goal. At a noise goal of 91 EPNdB (FAR 36 
minus 15 EPNdB), the penalty in TOGW is 9.3 percent, with respect 
to the reference case. 
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Comparison in terms of DOC - With only a few minor exceptions 
the trends and even the actual percent penalties in terms of DOC are the 
same as in terms of TOGW. This can be seen by a comparison of fig- 
ures 11 and 12. When considering DOC (fig. 12), the optimum 
would appear to be about 2600° to 2700° F regardless of the FPR or 

OX 

the noise goal. One exception in the likeness of trends is that the buck- 
ets in the curves of DOC are not as pronounced as they were in terms of 
TOGW. In general, this means there is not as much of a penalty in DOC 
if you miss the optimum T 4 _ glg as there is in terms of TOGW. Anoth- 
er minor exception is that for engines with a FPR cr of 1. 90 and no 
noise restrictions, increasing T 4 _ glg seems to always increase DOC 
(within the T 4glg limits studied). The DOC at the reference point in 
figure 12 is 0.545 cents per statute seat mile. 

No one doubts the fact that reductions in turbine cooling bleed are 
advantageous at any given ^ . However, once a certain level of 
cooling technology has been reached (in this report it was assumed to be 
full- coverage film) the desirability of high T 4 's should be examined. 

This report does this by fixing the engine weight and turbine cooling tech- 
nology at some specific level. The conclusions that can be reached from 
these two figures are simple. Increasing T^_ glg beyond 2300° F cannot 
improve either TOGW or DOC more than 1-^ percent. The greatest of 
these improvements would occur at a T 4 _ g j g between 2600° and 2700° F. 
Further increases in T 4 _ glg only worsen TOGW and DOC. Thus, while 
it is generally accepted that reducing the cooling bleed through advanced 
technology is good, there seems to be no such good reason to increase 
^4- sis be y° nd 2650° F if you assume full coverage film cooling for the 
turbines. 

Optimum cycle parameters . - The method by which the optimum cycle 
is found is described in appendix B. The optimum engine cycle param- 
eters, for the engines discussed in figures 11 and 12, are given in fig- 
ure 13(a). There are 12 parts to figure 13. They are rather simple and 
do not require a great deal of explanation. They are discussed in order. 

Figure 13(a) is a plot of OPR cr versus T 4 _ glg fora FPR cr of 
1. 90. The unsuppressed engines have OPR's from 33 to 40 depending 
on T^gjg. The higher T 4 _ glg ’s correspond to the higher OPR’s. 
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As the noise goal is lowered the OPR tends to decrease also. 

In figure 13(b), BPR cr is seen to increase with T^_ s ^ g at a given 
noise goal. It also increases as the noise goals are lowered. These 
trends are the natural result of trying to balance the cycle so that one 
of the jet streams will not create much more or less noise than the 
other while still maintaining an acceptable level of (F^/W a ) cr . Fig- 
ures 13(c) and (d) show the same trends for a FPR cr of 2.25. 


Both FPR cr ’s are considered in figures 13(e) and (f). In 13(e) 
maximum engine diameter is plotted versus j . The single-stage 
fan engines (FPR = 1. 90) display a trend to increase in size quite a 
bit as the noise goal is increased. This is due to the increasing engine 
airflow at sea- level- static (W a _ g ^ g ) as shown in figure 13(f). Depending 
on the noise goal, increasing T^_ ^ can either increase or decrease 
the engine diameter and likewise the engine W a ^ . However, the trend 
seems to be for ;W to increase with T^_ gl at high noise goals 

(i.e. , 106 EPNdB) and to remain almost constant at low noise goals 
(i.e. , 91 EPNdB). The two-stage fan (FPR cr = 2.25) enjoys a smaller 
diameter and airflow than the one- stage fan at all for equal 

noise goals. This tends to reduce the drag penalty for the two- stage 
fans compared to the one- stage fans. 

As discussed in the METHOD OF ANALYSIS, in order to deter- 
mine the correct amount of turbine cooling bleed, the number of turbine 
stages had to be determined. It was always assumed that the high- 
pressure turbine required only one stage. The number of stages in the 
low-pressure turbine did vary over a large range, however. Figure 13(g) 
shows the range of low-pressure turbine stages required by all of the 
optimum engines regardless of the FPR cr . Two or three stages were 
required at a -T^_ s | g of 2300° F, three "or four at 2650° F, and five 
or six at 3000° F. 

The turbine cooling bleed calculated for the optimum engines falls 
within the bands shown in figure 13(h). The stator always required 
less cooling than the rotors at any given gas temperature because the 
blade bulk metal temperature of the stators was allowed to be 2000° F 
compared to 1650° F for the rotors. The high-pressure turbine rotor 
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(HP rotor) received most of the cooling air. At a T^_ j s of 2300° F 
if received a /3 of about 2-| percent which was all of the cooling flow. 

At a T^_ gls of 3000° F the HP rotor received a /3 of 7 to 8 percent. 
The first LP stator received a .0 of 1/4 percent and the rest of the low 
pressure turbine received a /3 of 4 to 5 percent. Of this 4 to 5 per- 
cent, all of it went to the LP rotor and none to the following stators. 

In fact, none of the LP stators except the first one ever received any 
cooling air. The total chargeable bleed is the sum of the parts. Total 
j8 ranged from about 2^ percent at a T^_ glg of 2300° F to a ft of 12 
to 13 percent at a T 4 _ s i s of 3000° F. 

Even though the high temperature engines required more stages in 
the turbine and a greater amount of cooling flow, the design turbine ef- 
ficiencies of both turbines was fixed at all T^ values. The extra stages 
and increased cooling flow requirements should have decreased the tur- 
bine efficiency. Thus the high temperature engines should probably 
appear worse than they already do. 

The next two figures should be discussed together. Figure 13 (i) is 
the weight penalty due to suppression of fan machinery noise and fig- 
ure 13 (j) is the actual suppression that was required. As described in 
appendix A, the weight of the suppression material was calculated as a 
function of actual suppression required and engine diameter as shown 
in figure 13(e). The weight penalty ranged from as little as 50 pounds 
(for an engine with a FPR cr of 1. 9, T^_ s j of 3000° F, and noise 
goal of 106 EPNdB) to as much as 480 pounds (for an engine with a 
FPR cr of 1. 9, T^_ slg of 2300° or 3000° F, and a noise goal of 
91 EPNdB). 

The suppression shown in figure 13 (j) is limited to 20 PNdB for 
practical reasons discussed in appendix A. To meet the FAR-36 goal 
of 106 EPNdB with a one- stage fan requires only 2^ to 5 PNdB suppres- 
sion. This is easily within the state of the art. To make a goal of 
96 EPNdB (FAR 36 minus 10 EPNdB) requires 15 PNdB of suppression 
and a goal of 91 EPNdB requires 20 PNdB suppression. A two- stage 
fan engine (FPR = 2.25) requires even more suppression than a one- 

Ll 

stage fan to meet a given noise goal. This is due in part to the delta 
of 6 PNdB between a one and two- stage fan and in part to the higher 
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FPR cr used for the. two- stage fan in this report- These points are 
discussed in the METHOD OF ANALYSIS section and appendix A. 

In figure 13 (k), (F N /TOGW) gls is Pitted versus T^_ slg for both 
FPR cr 's at all the noise goals considered. The two- stage fan 
(FPR cr = 2. 25) has a (F N /TOGW) slg that remains constant at about 
0.25 for all T^^g's and all noise goals. This is about the minimum 
acceptable level of 0. 24. The (F^/TOGW) g ^ g for the one- stage fans 
(FPR cr = 1. 9) are somewhat better. They run from 0. 270 to 0. 287 at 
noise goals from 106 to 91 EPNdB. The lower noise goals have the 
higher values of (F^/TOGW) s j s . Any these engines should provide 
enough F^ at takeoff so that the aircraft can reach a point where the 
community noise goal at 3, 5 miles from start of takeoff roll will be 


met, ... . | \ 

Figure 13(1) shows the ratio of sea- level- static thrust to base en- 
gine weight for the one- and two-stage optimum engines. Regardless of 
the FPR cr , the noise goal, or the T 4 _ s i s > the (F N ) glg /base engine 
weight remains between 6 and 7. There is a slight trend for high T^'s 
to increase the ratio. This is a benefit which high T^ engines gener- 
ally enjoy. The noise goals do seem to have a detrimental effect on the 
ratio if they are pushed to low enough levels. As was intended the ratios 
are in the same range as for the General Electric CF6-50 which has a 
(]?N^slsA' ase engine weight ratio of 6. 30. These fairly heavy engines 
should have allowed any benefits of high T^ to show up in the results. 

Tradeoffs of TOGW versus noise . - Figure 14 summarizes the trades 
in terms of TOGW, noise, suppression, FPR, and advances in technology 
for engines with a T 4 _ s i s of. 2650° F. For reference, a second scale 
was added to show the noise goals with respect to FAR-36. 

For the optimum unsuppressed engine with a FPR cr of 2.25, the 
noise generated is- 122 PNdB. This is the solid triangle point. This 
noise value is dominated by the approach conditions so that when the 
previously mentioned conversion is made to EPNdB, the point shifts 
to 117 EPNdB. This is the reference point. Following the line attached 
to this point up and to the left, a circled point is reached. This point 
represents a noise goal of 103. 5 EPNdB at a TOGW penalty of 1. 2 per- 
cent. The machinery suppression required at this point is 15 PNdB 
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as denoted by the symbol. With today's capabilities, this is about the 
lowest noise goal that can be obtained by an engine with this FPR cr 
without very serious increases in TOGW. If 20 PNdB of suppression 
is postulated for the future, the square point can be reached without 
much additional penalty. The noise goal would be 100 EPNdB at a 
TOGW penalty of 1. 7 percent. This point was reached not only by the 
addition of suppression but by re- optimizing the cycle. Further cycle 
re- optimizing at even lower noise goals was done with the suppression 
level fixed at 20 PNdB. The TOGW penalties for noise reductions below 
100 EPNdB are obviously very serious. 

If it is postulated that through advanced technology sometime in the 
future the unsuppressed Optimum engine has a reduction in machinery 
noise at the source of 5 PNdB, the triangle point moves from 117 to 
112. 5 EPNdB. This indicates that the noise is machinery source dom- 
inated at this point. Following the curve attached to this point it can be 
seen that a noise goal of 100 EPNdB can be met for a 1 percent TOGW 
penalty with 15 PNdB of suppression. If 20 PNdB of suppression was 
available, a slight cycle change would give a noise goal of 97 EPNdB 
at a TOGW penalty of 1. 8 percent. (the square point). Further cycle 
changes could be made with the suppression fixed at 20 PNdB (the 
dashed line). These would result in small noise reductions and large 
TOGW penalties. 

If a family of engines with a FPR cr of 1. 90 are considered, the 
curves in the upper portion of the figure results. The optimum unsup- 
pressed engine could meet a noise goal of 115 PNdB at a TOGW penalty 
of 5. 7 percent (the solid triangle). Correcting to EPNdB moves the 
point to 110 EPNdB. The circled point on this line indicates a noise 
goal of 98 EPNdB can be met at a TOGW penalty of 7. 4 percent with 
only 15 PNdB of suppression. This should be within the state-of-the- 
art. If advanced technology provides 20 PNdB of suppression, the 
square point may be reached by a slight change in the cycle. This 
would yield a noise goal of 94 EPNdB at a TOGW penalty of 8. 1 per- 
cent. Any further reductions in noise at a constant 20- dB suppression 
level (dashed line) will result in large TOGW penalties even though the 
engines are re- optimized. 



21 


If future advances in technology provide a fan that is quieter at the 
source by 5 PNdB, the optimum unsuppressed noise would be 105 EPNdB 
(the triangle point). This shift from 110 to 105 EPNdB indicates that the 
noise is machinery noise dominated. Following this line up to the cir- 
cled point indicates that a noise goal of 94 EPNdB can again be met but 
with only 15 PNdB of suppression. The TOGW penalty would be 7. 7 per- 
cent. If 20 PNdB of suppression is postulated then a noise goal of 
90 EPNdB can be met at a TOGW penalty of 9. 1 percent (the square 
point). Any further noise reductions would be expensive in terms of 
TOGW if the suppression is fixed at 20 EPNdB (dashed line). This is 
because the cycle would have to change, moving quickly away from op- 
timum as the noise is reduced. 

From this figure it can be seen that increasing the suppression 
available from 15 to 20 PNdB could yield noise reductions of about 3 to 
4 PNdB if the cycle is changed somewhat also. The penalties would be 
about 1/2 to 1 percent in TOGW. These penalties could be greater if 
the extra 5 PNdB of suppression is as hard to obtain as it appears to be 
today. 

The other method for reducing noise is to reduce machinery noise 
at the source assuming constant suppression. A 5 PNdB reduction at 
the source would yield noise reductions of 3 to 4 PNdB. Comparing 
any two circled points or squared points in figure 14 at a given FPR cr 
indicates that the TOGW penalty for this noise reduction may range 
from none to 1^ percent. The penalties could be larger if the source 
noise reduction technique causes an engine weight penalty. None was 
assumed in this report. ^ 

It would appear that a noise goal of 103. 5 EPNdB (FAR 36 minus 
2. 5 dB) could be met by an engine with a FPR of 2. 25 using today’s 

V/X — 

technology. The TOGW penalty would be about 1.2 percent. With ad- 
vanced technology a noise goal of 97 EPNdB (FAR 36-9 dB) may be 
met with an additional TOGW penalty of at least 0. 6 percent. 

If the engines had a FPR cr of 1. 90, a noise goal of 98 EPNdB 
(FAR-36 minus 8 dB) can be met for a TOGW penalty of 1. 7 percent 
compared to the optimum unsuppressed engine at the same FPR or 

vX 
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7. 4 percent with respect to the reference engine. Advanced technology 
may be able to lower the noise goal to 90 EPNdB (FAR- 3 6 minus 16 dB). 
The TO GW penalty would be 3. 5 percent compared to the optimum un- 
suppressed engine at the same FPR or 9. 1 percent with respect to 

vX 

the reference. 


CONCLUDING REMARKS 

A parametric study was made of a group of separate- flow- exhaust 
turbofan engines for use in an advanced- technology transport designed 
to cruise at Mach 0. 98. Initial cruise altitude was 40 000 feet, total 
range was 3000 nautical miles and the payload was 60 000 pounds (300 
passengers). The airplane was assumed to have 3 aft- mounted engines 
of slightly advanced weight technology. An advanced turbine cooling 
scheme was assumed (full coverage film) and the cooling for each stage 
of the turbine was calculated. Turbine- rotor- inlet- temperature of 
2300°, 2650°, and 3000° F were examined at sea- level- static standard 
day conditions. The optimum turbine-inlet-temperature at cruise was 
always 100° F less than the sea- level- static value, that is, the highest 
allowed in the study. Combined jet and fan machinery noise calculations 
were made for selected cycles at both the sideline and approach meas- 
uring stations specified in FAR Part 36. Varying amounts of acoustic 
treatment were applied to the inlet, duct and nacelle to obtain certain 
levels of turbomachinery noise. 

Fan pressure ratios (FPR) of 1.90 (one-stage fan) and 2.25 (two- 
stage fan) were used. Engine parameters of bypass ratio and compressor 
pressure ratio were optimized for each FPR and turbine- inlet- temperature 
combination. Noise goals as low as 86 EPNdB (FAR-36 minus 20 EPNdB) 
were examined. The optimum engines were defined at several levels of 
noise so tradeoffs between takeoff- gross- weight (TOGW) and noise could 
be seen. 

It was found that if the noise goal was equal to or less than 106 EPNdB 
(FAR-36), the optimum sea- level- static turbine- inlet- temperature 
(T^_ g ^ g ) was about 2650° F. This was true whether the figure of merit 


23 


was TOGW or direct operating cost (DOC). However, the figure of 
merit was rather insensitive to within ±100° F. TOGW or DOC 
was only about 1 percent worse if the lowest value of glg studied 
was used (2300° F) or the highest value studied was used (3000° F) 
rather than the optimum 2650° F. This lack of benefit of high T^ was 
found despite several assumptions that should have favored high T^ 
(heavy engines, advanced turbine cooling method, and no penalties in 
turbine efficiency with more turbine stages and increased turbine cool- 
ing bleed). 

If the T^ ^ was fixed at 2650° F, it was found that a two- stage- 
fan with a FPR of 2.25 could meet a noise goal of 103. 5 EPNdB (FAR- 36 
minus 2. 5 EPNdB) with today's noise suppression techniques. This 
would cause a penalty in TOGW of about 1 percent. With some advances 
in noise suppression techniques the noise could be lessened another 
7 EPNdB at the expense of another 1 percent in TOGW. Any reductions 
in noise beyond this were estimated to be very costly in terms of TOGW 
or DOC. 

At the same turbine- inlet-temperature, a single-stage fan with an 
FPR of 1.90 was less of a noise problem. However, the best engine 

V 1 

without any noise suppression was 5. 7 percent heavier in TOGW than 
the best two-stage fan engine. A noise goal of 96 EPNdB (FAR Part 36 
minus 10 EPNdB) could be met with the single-stage fan with today's 
technology in noise suppression. The penalty over the unsuppressed 
case would be an additional 2.0 percent in TOGW. The noise goal could 
be lowered another 6 EPNdB if some advances were made in source 
noise reduction and suppression techniques. This would cost an addi- 
tional 1. 5 percent in TOGW. Any reductions in noise beyond this were 
estimated to be very costly in terms of TOGW or DOC. 


/ 
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APPENDIX A 


COOLING BLEED FLOW CALCULATION 


In order to calculate the total cooling bleed for the two turbines, 
the number of stages in each turbine must be determined as well as the 
thermodynamic conditions at each stage. 

The high-pressure turbine was assumed to have one stator and one 
rotor. The cooling flow for the stator is not calculated since it would 
be included in the combustor airflow. After the stator cooling flow has 
re-entered the primary stream and mixed with it, the conditions at the 
rotor inlet are determined. This is station 4 in our nominclature. 

Thus T^ would be turbine- rotor- inlet- temperature and any stator 
cooling bleed prior to station 4 would be called non- chargeable to the 
cycle. 

The cooling bleed for the high-pressure turbine rotor was calcu- 
lated by the following method. First (p was calculated where 





(Al) 


T j is the total temperature of the gas at the face of the stage and 
T ci is the total temperature of the cooling air (compressor exit tem- 
perature). T m is the average bulk metal temperature of the blades 
being considered. T m was 1650° F for all rotors and 2000° F for all 
stators. Once cp was calculated, the curve in figure 6 was used to 
find the coolant flow ratio W c /W^. This ratio was increased by one- 
third to account for shroud cooling and losses. The curve in figure 6 
was taken from reference 11. The curve is based on laboratory tests 
of blades using full- film coverage for cooling. The blades were made 
with advanced fabrication techniques. 

In the low-pressure turbine the number of stages had to be calcu- 
lated in order to calculate the bleed for any stage that needed it. The 
following discussion is a derivation of the equation used to calculate 
the number of stages. 
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A schedule of fan tip speed (Vf an _tip) was estimated versus FPR. 
The curve is based on data from reference 10. It is a linear approxi- 
mation tangent to the curve in reference 10 for a fan blade loading of 
0.3 at a of 1900 ft/sec. The derivation follows. 


co is the velocity in radians/sec 
V fan- tip = w x D ia- far/** 


co — 2 V r i . /D. 

fan- tip 7 la-fan 


(A2) 

(A3) 


w l/ W 2,core 


= 1 + BPR - ratio of totalrdirflow to core airflow (A4) 
The following equations have to do with the turbine exit station. 


where 


W g, 6 /W 2, core = 1 + FA 4 (1 ' Bleed total ) = ratio of gas 
flow at station 6 to core airflow 
U m = mean rotational velocity of turbine = D m x co/2 

D m = mean diameter of turbine blades. 

Ag = 0. 64n D^/ 4 if D^/D^. = 0. 6 = turbine hub to tip ratio 

D m =0.8D t 

A 6=" D m/ 4 


W g, e/ W 2, core " P 6 A 6 V 6 'X/’B B' R 6 l 6 " _ D m M 6 p 6/ 4 . 


(A5) 

(A6) 

(A7) 

(A8) 

(A9) 

(A10) 


where 
p density 
A area 


V 


velocity 
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y ratio of specific heats 

g gravitational constant 

R gas constant 

t static temperature 

M Mach number 

p static pressure 

The turbine work parameter X is defined as follows, 
sumed to be 0. 4 in all cases. 

W = NU m /gJAH '°. 4 

where 

N number of stages 

J mechanical equivalent of heat = 778 ft- lbs/Btu 

AH change in enthalpy from stations 5 tq 6 

N = (0.4gJAH 56 /vf an _ tlp )(D la . fan /D m ) 2 (A12) 

2 

Letting equations (A5) and (A10) equal and solving for yields: 

= [l + FA 4 (1+ Bleedj^ x 4 x A yi^7y^/f» M 6 P 6 ) (Al 3 ) 

The following equations have to do with the fan face station. 

Aj = 0. 88* Dj^/4 (A14) 

if 

(V D t) = 0. 35, hub to tip ratio of fan (A15) 

V Vfan 

W l/ W 2, core = 88 * D Lfan M lPl ( A16 > 


It was as- 
(All) 
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Solving for Df a _ fan 

D ia-fan = (1 + BPR > 4 V^iV^/ <°- 88»M lPl ) (All) 

Dividing equation (A17) by equation (A13) yields 


D. f 
la-fan 


D 


= (1 + BPR)(P 6 /P 1 ) a /t7^/Ii + FA 4 (1 + Bleed total ) 


m 


0.88 


(A18) 

if = Mg and if y ^ = y g 

Substituting equation (A18) into equation (A12) yields 


N 


9660(1 + BPR)(P 6 /Pj) AH 5 6 


1 + FA 4 (1 - Bleed tot Jvf an . tlp VVTl 

» .J 


(A19) 


when N is the number of stages. The AH across each low pressure 
turbine stage was assumed to be the same as was the AT. 

Once N was determined then AT per stage was estimated to be 

AT stage = < t 5 - T 6 >/ n < A20 > 


Tg and Tg are known from the cycle calculation where the low pres- 
sure turbine is treated as a whole. Now using figure 6 the bleed for 
each stage of the low pressure turbine is calculated just as it was for 
the high pressure turbine rotor. The bleeds as summed to a total bleed 
(Bleedj.^j) which is used in the equations just shown and in the cycle 
calculations. If the Bleed^^ calculated does not equal the. ! . 
Bleed tota j used in the equations, the entire process is reported as nec- 
essary until they are equal. 
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APPENDIX B 
NOISE CONSTRAINTS 

Noise calculations were made for two measuring points, both of 
which are specified in Federal Air Regulation Part 36. They were: 

(1) Sideline noise measured on the ground at the angle of maxi- 
mum noise immediately after lift-off on a 0.25-nautical-mile (1520- ft) 
sideline for three-engine airplanes (0.35-n mi sideline for four-engine 
airplanes). The point of maximum noise would be after the aircraft 
reached an altitude where ground attenuation was zero and fuselage en- 
gine masking was diminished. 

(2) Approach noise, when the airplane is one nautical mile from the 
runway threshold, measured on the ground directly under the glide path 
at the angle of maximum noise. The airplanes of this study were as- 
sumed to be at an altitude of 370 feet at this measuring station. 

For airplanes with TOGW’s of interest, FAR Part 36 specifies a 
noise limit of 106 EPNdB for both of the above measurements. A third 
measurement specified by this regulation should be made at a point 
3. 5 nautical miles from the start of takeoff roll on the extended runway 
centerline. If the airplane altitude at this measuring point exceeds 
1000 feet, the thrust may be reduced to that required for a 4 percent 
climb gradient or to maintain level flight with one engine out, which- 
ever thrust is greater. The noise limit at this measuring station for 
the TOGW's considered here is 102-104 EPNdB. This noise measure- 
ment was ignored in this study because insufficient low- speed aerody- 
namic data were available to investigate the tradeoffs involved in mini- 
mizing noise at this point. The tradeoffs involved are between constant 
Mach number climb to maximum altitude and maximum acceleration to 
1000 feet before thrust is reduced. For the three- engine airplanes 
which meet a sideline noise goal in this study, it is felt that little diffi- 
culty will be involved in meeting the 3. 5- mile ’’takeoff” goal since the 
sideline noise is measured at 1520 feet. With four-engine airplanes, 
the 3. 5-mile goal might be more difficult to meet, however, because 
the sideline measurement is specified at 2126 feet and is therefore 
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easier to meet. The 3. 5.- mile measurement might thus be more of a 
constraint for four- engine airplanes. 

Total perceived noise has two components - jet noise from the two 
jet streams and fan turbomachinery noise. Jet noise, measured in 
PNdB, was calculated by standard methods described by the Society of 
Automotive Engineers in references 7 and 8. Jet noise is primarily 
dependent on the exit velocities of the two flow streams, but is also af- 
fected by the gas flow rates and the flow areas. These variables were 
calculated at both Mach 0. 23 (152 knots) after lift-off at full thrust and 
with thrust cut back to the level required during the 3° approach at 
Mach 0. 203 (135 knots). It was assumed that the overall SPL curve 
of reference 7 plotted against relative jet velocity could be linearly 
extrapolated on a log scale to velocities below 1000 feet per second (as 
per data presented in ref. 9). 

Fan turbomachinery noise, also measured in PNdB, is a function 
of many things - for example, spacing between stator and rotor, tip 
speed, number of stages, fan pressure ratio, thrust, and amount of 
nacelle acoustic treatment. In this study, it was assumed that the en- 
gines would be built with optimum stator- rotor spacing without any inlet 
guide vanes in order to minimize noise. Curves presented in reference 9 
relate machinery perceived noise level to fan pressure ratio at a fixed 
thrust and distance for both one- and two- stage fans. These curves were 
scaled from a total airplane net thrust of 90 000 pounds and a measuring- 
point distance of 1000 feet to both the sideline and approach conditions 
of this report. In addition to logarithmic thrust and distance- squared 
scaling, extra air absorption due to a change in slant range (ref. 7) was 
included. However, in this report, the curve for the two- stage fans 
was lowered an extra 2 PNdB. The difference between one- and two- 
stage fans is only 6 PNdB instead of 8 PNdB as in references 2 to 4 and 
19. This change is based on the latest estimates of the noise experts 
at Lewis Research Center but does not include the effects of multiple 
pure tones. The curves which result for the sideline condition are shown 
in figure 15(a) for a total airplane net thrust of 114 000 pounds. The 
curves which result for the approach condition are shown in figure 15(b) 
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for a total airplane net thrust of 36 000 pounds. These noise levels 
assume the present state-of-the-art quieting techniques. These thrust 
levels are typical for airplanes having a TOGW of 386 000 pounds. 

But when range was fixed at 3000 nautical miles, TOGW was usually 
less than 386 000 pounds., Therefore it was necessaryto correct these 
turbomachinery noise readings (fig. 15) for the variation in thrust. The 
sideline noise correction is plotted against total thrust from three en- 
gines in figure 16(a). The approach fan turbomachinery noise correc- 
tion is plotted against TOGW with total thrust as an auxiliary scale in 
figure 16(b). 

In order to determine the total perceived noise from both the jets 
and the fan turbomachinery, it was necessary to add antilogarithmically 
the jet and machinery sound pressure levels (SPL) in each octave. (This 
procedure is described in ref. 7 for the addition of core and fan jet 
noise.) To do this, it was necessary to assume a spectral distribution 
of fan turbomachinery SPL as a function of frequency. Figure 17 shows 
octave SPL (in dB) at a distance of 200 feet that was assumed for all 
the fans considered in this study. This octave SPL was attenuated for 
the inverse- square distance effect and the extra- air- absorption effect 
at distances greater than 200 feet, as described in reference 7. The 
distance- squared effect is the same for all octaves, but the extra air 
absorption affects the higher octaves the most. The spectrum shown 
in figure 17 depicts data obtained from reference 15 for a TF39 fan mod- 
ified for low noise. It was assumed that the spectral distribution would 
not change significantly with power setting or acoustic treatment. 

To obtain the octave SPL of the fan machinery noise, the perceived 
noise level in PNdB was first obtained from the curves of figure 15. 
Corrections from figure 16 were then applied. The amount of attenua- 
tion from acoustic treatment, if any, was subtracted. Absolute numbers 
were then arbitrarily placed on the ordinate scale of figure 17 and the 
fan machinery perceived noise was computed by summing and manipu- 
lating the octave SPL’s thus obtained, as described in reference 7. The 
calculation was repeated by sliding the arbitrary ordinate scale of fig- 
ure 17 up or down as required in an iterative calculation until the fan 
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perceived noise thus calculated equaled that read from the curves of 
figure 15 (as modified by fig. 16 and the application of acoustic treat- 
ment). After completing this computerized iteration, machinery octave 
SPL was added antilogarithmically to the combined jet SPL at each oc- 
tave. Total perceived noise was obtained by summing and manipulating 
all the combined octave SPL's (as described in ref. 7). 

The basic noise calculations made in this study are in units of 
PNdB. The FAR Part 36 requirements, however, are stated in terms 
of EPNdB. The EPNdB scale (where E stands for effective) is a modi- 
fication of the PNdB scale where a correction is made to account for 
(1) subjective response to the maximum pure tone and (2) the duration 
of the noise (ref. 16) heard by the observer. Industry has pretty well 
agreed that, for the takeoff and approach conditions assumed in this 
study, EPNdB at takeoff is about the same as PNdB, and that EPNdB 
during approach is about 5 dB less than PNdB. So in this report the 
basic unit was EPNdB. This means that 5 dB was subtracted from the 
total approach noise as calculated in PNdB and discussed thus far in 
order to convert to EPNdB. 

In this study, attention was concentrated on designing cycles that 
would minimize the TOGW penalties that occur with up to 20 PNdB of 
turbomachinery acoustic treatment. Noise goals as low as 90.0 EPNdB 
were obtained with this amount of acoustic treatment. As discussed in 
the section entitled "Engines, M in the METHOD OF ANALYSIS, a 20- 
PNdB suppression of fan turbomachinery noise is thought to be a some- 
what optimistic - although still realistic - goal to strive for. As men- 
tioned in reference 9, it is felt that a 15- PNdB suppression of turbo- 
machinery noise can currently be realized with proper suppressor de- 
sign. It was assumed in this study that no performance losses occurred 
as a result of the insertion of splitter rings in the inlet and duct, to- 
gether with wall lining in the inlet, duct, and nacelle. It is encouraging 
to note that tests of a 6- foot fan with acoustic treatment which included 
multiple splitter rings (ref. 17) did not reveal any fan performance 
losses due to the noise suppressors, within the experimental measure- 
ment error. 



■ ■' 32 

Duct and inlet wall treatment and an acoustically lined splitter ring 
inserted in the inlet were found in reference 18 to penalize the weight of 
a Pratt & Whitney JT3D engine about 370 pounds. Much of this weight 
penalty is undoubtedly due to structural modification since the lining 
material by itself is very light. This amount of treatment on the JT3D 
engines of a DC8 airplane lowered the approach noise about 11 PNdB. 

The addition of one splitter to the inlet of some of the high BPR engines 
of this study may not be as effective in reducing approach noise of these 
engines as it was for the low- BPR JT3D because of the larger inlet 
diameter- to- sound- wave- length ratio (ref. 19). It was estimated in this 
study that this type of inlet and duct treatment combined will reduce the 
fan machinery noise about 10 PNdB. A 15- PNdB reduction, the maxi- 
mum demonstrated to date, can be attained only by the addition of more 
splitter rings in the inlet and probably the addition of splitter rings in 
the duct as well (ref. 20). 

In both references 18 and 20, the weight penalties involved more 
than just treatment weight. There were structural changes to the en- 
gine as well. To separate the weight due to treatment and the weight 
due to structure is impossible from those references alone. However, 
reference 21 indicates that two splitter rings weigh 150 pounds. To 
achieve 10 PNdB suppression in a long duct engine, the inlet needs only 
one ring and the duct and inlet walls must be treated. In this report it . 
was assumed that this could be done for 150 pounds on a 53- inch- diameter 
engine. Of this, 75 pounds was attributed to the single splitter and the 
other 75 pounds to the treatment of the duct and inlet walls. When 
15 PNdB was required in this study, it was assumed that the extra inlet 
ring and additional duct treatment weigh 75 pounds for a 53-inch- 
diameter engine. Since most of the treatment weight is applied near the 
periphery of the engine, treatment weight was scaled directly with max- 
imum engine diameter in this study. The airplane operating- empty- 
weight penalty due to turbomachinery noise suppression used in this study 
is plotted as a straight line (fig. 18) through the origin and these two 
points at 10 and 15 PNdB of suppression. Engine diameter was adjusted 
for this plot from 53 inches to the nominal 80- inch size more compatible 
with high- BPR turbofans . 
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APPENDIX C 


CYCLE OPTIMIZATION TECHNIQUE 


Once all of the techniques and assumptions in this report have been 
computerized, it is not to hard to design and fly a great many engines 
in just a few minutes of computer time. At the start of the study two 
FPR’s were chosen - 1.9 and 2.25. Three T^_ sls ’s were also 
chosen - 2300°, 2650°, and 3000° F. However, the cruise T^’s still 
had to be decided upon. 

First, four different T^_ cr values were assumed, at 100°, 200°, 
300°, and 400° F less than the T 4 _ s ^ s - Then BPR cr was varied over 
a wide range at several fixed values of OPR. Without any consideration 
of noise at this point, it was easy to see that the engines with a T^_ 
of only 100° F less than T^gjg were far superior in terms of TOGW. 
It was also noted at this time that the (F^/TOGW) g ^ g values of all of 
these engines were acceptable (>0.24). Thus a delta T^ of 100° F 
was decided upon for all T^_ glg values considered and for both FPR's. 
As in reference 4, this delta T^ would have probably been greater 
than 100° F if lower M cr ’s or cruise altitudes had been chosen for the 


study. 

Once the optimum delta T^ of 100° F had been decided upon, the 
TOGW was plotted versus BPR on lines of constant OPR pt ,. This 
was done for the six cases of interest, two FPR’s at three T^_ sls 's. 

A cross plot of each of these plots on lines of constant TOGW yields 
the thumbprints already discussed and shown as figures 9(a) to (c) and 
10(a) to (c). Overlaid on these six thumbprints are lines of constant 
sideline jet noise. This was easily calculated in the same computer 
program since all of the engine exhaust parameters .are, calculated for- 
each engine at sea- level takeoff conditions. To show that (F N /TOGW) glg 
is not a problem, a limiting line of constant (F^/TOGW)^ = 0.24 is . 
shown on each plot. It always falls below the minimum TOGW contour 
and thus is of no further concern. 

In order to illustrate the actual optimization procedure a specific 
example will be used. The problem given is to find the optimum cycle 



34 

if the FPR cr is 1. 90, the T^_ s ^ s is 2650° F, and the noise goal is 
96 EPNdB. 

First, six very good engines are chosen from the thumbprint plot, 
figure 9(b). These are the designated points, starting with the best 
cycle represented by the circle. The points are selected by eye and 
are hopefully on a locus that connects all the points that are tangent 
between lines of constant sideline jet noise and contours of constant 
TOGW. These tangent points represent the point of minimum TOGW 
for a particular sideline jet noise level. 

Now that these six engines have been chosen to be examined in 
more detail, each one is rerun in the computer assuming levels of sup- 
pression from 0 to 20 PNdB in steps of 5PNdB. This establishes the 
TOGW for each level of suppression. The TOGW penalty is due to the 
suppression weight penalty as previously discussed and shown in fig- 
ure 18. Takeoff fan machinery noise is calculated for each engine as- 
suming different amounts of suppression. The fan noise and jet noise 
are then added antilogarithmically, octave -by- octave, to give a total 
PNdB level. For takeoff it was assumed that PNdB and EPNdB were 
the same. A curve, figure 19(b), is then plotted showing TOGW versus 
sideline noise for lines of constant fan noise suppression. All six of 
the engines are noted in the figure by the symbols. The shaded and 
unshaded symbols are just to aid the human eye in following the lines of 
constant suppression. 

Next, each of the six engines is run in the component matching deck 
to determine the proper match point at approach conditions. This es- 
tablishes the jet noise at approach and the FPR at approach. From fig- 
ures 15 and 16 the approach fan noise is read and corrected. Assuming 
varying amounts of suppression ties each engine to a particular TOGW 
once more. The fan and jet noise are again added as before to get a 
total PNdB. Then 5 PNdB is subtracted from the total to get EPNdB. 
This is an approximate method in wide use by industry. Each engine 
with varying amounts of fan noise suppression has a sideline and ap- 
proach noise level in EPNdB now and a certain TOGW, At this point 
figure 19(a) is plotted directly below figure 19(b). With approach and 
sideline noise tied together by figure 19(a) and TOGW and sideline 
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noise tied together in figure 19(b), the search for the optimum cycle 
can begin. 

First an area is roped off in figure 19(a) which satisfies a goal of 
96 EPNdB. Some point in this area will give the lowest TOGW. The 
dashed lines are added between symbols to aid the interpolation that 
is necessary. If the reader spends a few minutes at this time and ex- 
amines the points labled A, B, C, D, E, and random point F, it should 
be clear that point D yields the minimum TOGW of any point in the en- 
tire area. Some interpolation is necessary to decide exactly what cycle 
is represented by point D. The conclusion should be that a cycle at 
point D would have an FPR of 1. 9, T^_ ^ of 2650° F, an OPR of 34+, 
a BPR of about 6. 8 and require 15 PNdB of suppression. It would make 
a noise of about 94. 7 EPNdB during approach and 96 EPNdB at the side- 
line during takeoff. This same procedure was used to select every en- 
gine at every noise goal. 

If a curve is plotted using PNdB instead of EPNdB, the optimization 
technique is the same as above. However, the 5 PNdB is not subtracted 
from the approach noise as it was to convert to EPNdB. 
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